To elucidate the role of the platelet-derived growth factor (PDGF)-B chain in the brain, we examined its expression in rat brains with focal ischemia. Focal ischemia was induced by permanent tandem occlusion of the middle cerebral and common carotid arteries in spon taneously hypertensive rats (SHRs). Northern analysis demonstrated that ischemia transiently increased mRNA expression of the PDGF-B chain, but not the PDGF-A chain, in the injured neocortex. The larger transcript (3.5 kb) of the B chain gradually increased to threefold by 16 h, whereas the smaller transcript (2.6 kb) of the B chain markedly increased sixfold by 4 h. Immunohistochemis try revealed enhanced immunoreactivity in the neurons in
In response to ischemic insult, the damaged brain exhibits a variety of cellular responses. In the first days and weeks after the insult, monocytes migrate to the infarct, proliferate, and differentiate to mac rophages. Astrocytes and microvessel endothelial cells also proliferate in the periinfarct area. These cellular responses may contribute to the reabsorp tion of the necrotic tissue, to the sealing off of the lesion, and to the revascularization of the periin-farct area. Although true regeneration of the mam malian eNS does not occur, elucidation of the mo lecular events underlying these cellular responses should help us find a way to intervene in the process and to attempt functional repair, Platelet-derived growth factor (P DGF) (a ho modimer of the PDGF-A or PDGF-B chain or an AB heterodimer) is a growth-regulatory molecule and chemoattractant for mesenchymal and glial cells (Ross et aI. , 1986; Heldin and Westermark, 1990) . The different isoforms bind with different af finities to two receptor types (P DGF-a and -13 re ceptors), and induce complex and diverse functions (Hart et aI. , 1988; Heldin et aI. , 1988) . Our previous study demonstrated the ubiquitous neuronal ex pression of PDGF-B chain together with the ex pression of PDGF receptors in the brain of nonhu man primates and of transgenic mice and suggested a novel role for PDGF-B chain as a neuronal regu latory agent (M Sasahara et aI. , 1991) . Furthermore, PDGF-B chain was shown to have neurotrophic ef-fects on cultured neuronal cells, which possess functional PDGF-� receptors (Smits et aI., 199 1) that have a high affinity to bind to PDGF-B chain but no appreciable affinity to bind to PDGF-A chain (Heldin et aI., 1990) . However, the in vivo function of PDGF-B chain in the brain remains unknown.
In the present study, Northern blot analysis and immunohistochemical studies were performed to examine the expression of PDGF-B chain in the brains of rats subjected to permanent middle cere bral artery (MCA) and common carotid artery (CCA) occlusion (MCA/CCAO) (Brint et aI., 1988) . It was demonstrated that ischemic insult enhanced the expression of PDGF-B chain in the injured brain, first in neurons and later in brain macro phages, which indicates that this growth factor plays a crucial role in the healing process of isch emic lesions. The preliminary results of this study were published previously in abstract form (Iihara et aI., 1993) .
MATERIALS AND METHODS

Surgical procedures
Male (250-300-g) spontaneously hypertensive rats (SHRs) (Charles River) were used in the experiment be cause of the higher reproducibility of stroke in them ver sus in normotensive rats (Brint et aI., 1988) . Following an overnight fast, animals were anesthetized with halothane (1.5-2%) in a mixture of 30% O2 and 70% N20. The fem oral artery was catheterized with a cannula for blood pressure monitoring. Body temperature was maintained at 37.5 ± O.soC with a rectal thermistor connected to a heating lamp. Focal ischemia of the right neocortex was produced by permanent occlusion of the right CCA and the right MCA just superior to the rhinal fissure according to a method reported previously (Brint et aI., 1988) . Briefly, the right CCA was permanently occluded with 3-0 silk thread through a paramedian cervical incision.
The right MCA was exposed through a 4-mm burr hole drilled 2 mm rostral to the fusion of the zygomatic arch with the squamosal bone. Drilling was performed under continuous drip of normal saline to prevent heat injury of the underlying cortex. After dural incision, the MCA was permanently ligated with 10-0 nylon thread just superior to the inferior cortical vein. Sham operations were done in a similar manner without occluding the arteries. At 2, 4, 8, 16, 24 , and 96 h after MCA/CCAO and 0, 4, and 16 hours after sham operation (n = 9 each), the an imals were anesthetized and decapitated. The right neo cortex was cut into 6-mm-thick coronal sections (interau ral line, 3.2-9.2 mm) that included the infarct and the adjacent normal cortex but excluded the cortex just be neath the craniectomy; it was then quickly frozen in liq uid nitrogen. Reproducibility of the size and location of focal ischemia was confirmed by hematoxylin-eosin (H&E) staining of the adjacent section of the same ani mals used for RNA preparation. PolyA + RNA segments (3.7 fLg each), directly extracted from the neocortices of three animals as described by Wilkinson (1991) , were sep arated on a 1 % agarose gel (Sigma) containing 20 mM MOPS, 5 mM sodium acetate, 1 mM EDTA, and 6% formaldehyde. They were then transferred to nylon filters (NYTRAN, Schleicher & Schuell) in 10 x SSC, cross linked with ultraviolet light, stained with methylene blue, and photographed. The filters were hybridized at 65°C overnight with 3 2 p (3,000 Ci/mmol; Amersham)-labeled cDNA probes for human PDGF-B chain (kindly supplied by ZymoGenetics), in 0.25 M Na2HP04, 1% bovine se rum albumin, 1 mM EDTA, and 7% SDS at pH 7.2. After hybridization, the blots were washed twice at room tem perature in 2 x SSC and 0.1 % SDS and then in 0.2 x SSC and 0.1 % SDS at 6SOC. Autoradiography was performed with Amersham Hyperfilm and with intensifying screens (Kodak) at -70°C. The washed filter was then rehybrid ized with 3 2 P-Iabeled cDNA probe for human PDGF-A chain (a generous gift of C.-H. Heldin) as described above. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) hybridization was used as a reference for rel ative mRNA per lane. The signal intensities of PDGF-A and -B chain mRNA were analyzed at each time point with a densitometer interfaced to an integrator (Shimadzu, Japan) in three separate experiments. The optical densities from the three experiments were combined to obtain the mean value at each time point, and the mean value from the three experiments was expressed as the increase over the sham control (sham 0).
Northern blot analysis
Immunohistochemistry
Two, 4, 8, 16, and 24 h and daily thereafter until day 21 after MCA/CCAO and 8, 16, and 24 h and day 5 after sham operation, three animals at each time point were anesthetized and decapitated after the brains were per fused with cold phosphate-buffered saline (PBS). The brains were immersion-fixed with methyl-Carnoy's solu tion at room temperature overnight, and embedded in paraffin. Coronal 6-fLm sections of paraffin blocks were cut and mounted on glass slides for immunohistochemical examination. Immunostaining for PDGF-B chain was performed using streptavidin-biotin immunoperoxidase methods. We used monoclonal antibody PGF-007 (Mo chida Pharmaceutical), which recognizes PDGF-AB and PDGF-BB, but not PDGF-AA (Ross et aI., 1990) , as the primary antibody. Incubation with PGF-007 was carried out at 4°C overnight, followed by incubation with bioti nylated rabbit antimouse IgGI (Zymed Laboratories) and then with horseradish peroxidase-conjugated streptavi din (Jackson Immunoresearch Laboratories) at room tem perature (A Sasahara et aI., 1992) . The slides were devel oped using 3, 3' -diaminobenzidine as a chromogen. All sections were counterstained with methyl green. To de termine the specificity of the immunostaining in the le sion, the primary antibody was substituted for nonim mune mouse IgG of equivalent concentrations or for PGF-007 preincubated with a 5-M excess of synthetic peptide of PDGF-B chain in otherwise the same proce dure.
To identify astrocytes and brain macrophages, we per formed immunohistochemical studies on serial sections using a rabbit polyclonal anti-glial fibrillary acidic protein (anti-GF AP) antibody (DAKO) and histochemical studies using horseradish peroxidase-conjugated RCA (Ricinus communis agglutinin)-1 lectin (Seikagaku Corp.) (Man noji et aI., 1986).
RESULTS
Northern blot analysis
Northern blot analysis revealed transcripts for PDGF-B chain (3.5 and 2.6 kb) in the normal brains and the brains that received sham operation. Isch emic insult transiently increased the accumulation of the two transcripts for the PDGF-B chain in dif ferent manners ( Figs. 1 and 2) . The 3.5-kb transcript increased markedly from 4 h, reached a peak at 16 h, and was still at a higher level on day 4 after the operation. The 2.6-kb transcript markedly in creased between 4 and 8 h and returned to normal by day 4. In contrast, the expression of PDGF-A chain, which consisted mainly of a 2.3-kb tran script, remained unchanged throughout the experi ment. In the sham-operation brain, the expression of PDGF-B chain showed no changes (data not shown).
Histological examination
Large neocortical infarcts, extending into the dorsolateral caudoputamen in some animals, were induced in all animals of the MCA/CCAO group. In healthy and sham-operation animals, specific im munoreactive products for PDGF-B chain were lo calized in neurons, as described previously (M Sasahara et aI., 1991; A Sasahara et aI., 1992) ( Fig.  3a) .
In the MCA/CCAO group, the immunoreactivity ofPGF-007 was markedly increased in the shrunken angular neurons in the infarct from 16 h; it peaked at 24 h and decreased gradually thereafter until days 4-5 after the operation (Fig. 3c ). This increased im- munoreactivity was most prominent in the degener ating large pyramidal neurons in cortical layer V. However, enhanced immunoreaction was observed uniformly in the majority of neurons in almost the entire territory of the infarct except in its thin rim. In the rim, which was characterized by marked neu ropil sponginess, severely shrunken neurons showed faint immunoreactivity compared with those in controls. Furthermore, at 16 and 24 h after surgery, a marked increase in immunoreactivity was also ob served in the neurons in the periinfarct area (Fig.  3b) , where the regional CBF moderately decreases (Brint et aI., 1988; Bolander et aI., 1989) . Thereaf ter, the immunoreactivity gradually decreased until days 6-7, when only a few neurons scattered in the periinfarct area showed slightly increased immuno reactivity.
The increased immunoreaction in the neurons in the infarct and periinfarct areas was completely abolished by the neutralization of the primary anti body or by the replacement of the primary antibody with nonimmune mouse IgG in otherwise the same procedure.
Throughout the experiment, neurons in the areas remote from the infarct, such as in the ipsilateral thalamus and in the contralateral hemisphere, showed no apparent immunoreactive changes of PDGF-B chain compared with controls. In some animals, increased immunoreactivity was observed in the shrunken angular neurons in the infarcted dorsolateral caudoputamen between 16 h and day 5 after the operation.
RCA-I-positive brain macrophages appeared at the lesion from day 2, reached a peak in number at days 5-7, and then decreased until day 21. PGF-007 staining was observed in the perinuclear or Golgi related region of the cytoplasm of the macrophages from days 2 to 14. At day 2, a small number of RCA-I-positive cells that had migrated from the blood showed faint immunostaining of PDGF-B chain. Thereafter, the immunoreactive macro phages gradually increased in population and immu noreactivity as well and made up the majority of the RCA-I-positive cells infiltrating the entire territory of the lesion at days 5 and 6 ( Fig. 4a ). This immu noreactive popUlation decreased in number and im munoreactivity with the increase in the lipid foam cell population until day 14 (Fig. 4b) .
DISCUSSION
The present study demonstrated that an ischemic insult to the brain transiently increases the mRNA expression of PDGF-B chain, but not of PDGF-A The control values were taken as 1.
chain, in the injured neocortex of SHRs. These ob servations are consistent with the results of North ern analysis on cultured endothelial cells exposed to hypoxia (Kourembanas et aI., 1990) , which re vealed that hypoxic conditions in vitro significantly increase the mRNA expression of PDGF-B chain, but not of PDGF-A chain, by enhancing the tran scriptional rate of the gene. Several lines of evi dence suggest differences in the transcriptional con trol of the A and B chain genes in cultured endo thelial cells (Kavanaugh et aI., 1988; Kourembanas et aI., 1990) . The present study provides the first evidence of a difference in transcriptional regula tion between PDGF-A and -B chain in the brain and indicates the preferential expression of PDGF-B chain in response to an ischemic insult to the brain. Three kinds of transcripts (a major band of 3.5 kb and minor bands of 2.6 and 1.3 kb) of PDGF-B chain exist in endothelial cells, HUT 102 cells, and an osteosarcoma cell line (Raines et aI., 1990) , but the mechanisms underlying the generation of these transcripts and their functional significance remain unknown. We found that the 2.6-kb band showed a sharper increase than the larger band, especially in the early stage (4-8 h) after the operation. These findings suggest that the alternative transcript forms have different functional roles in the impending brain damage. Further studies are required to clar ify the function and the mechanism underlying the generation of these mRN A transcripts.
During the first 24 h, when the gene expression of PDGF-B chain markedly increased, the increased immunoreactivity was confined to the neurons at risk. Even a weak immunoreaction was not de tected in glial cells or capillary endothelial cells, and immunoreactive macrophages had not yet appeared in the lesion during this period. Thus, it appears that the expression ofPDGF-B chain mRNA in neurons at risk increases in response to ischemic insult to the brain. Furthermore, the increased immunoreac tivity in the neurons at risk in the infarct, as well as in the periinfarct area, raises the possibility that PDGF-B chain plays an important role in the im pending neuronal damage, since the protein synthe sis in the ischemic focus is limited to a certain group of proteins, including stress proteins, which may enhance the survival of the jeopardized tissue (Jacewicz et aI., 1986; Kiessling et aI., 1986; Mies et aI., 1991) . Quantitative analysis of PDGF-B chain protein in infarcts using an enzyme-linked immuno sorbent assay should help elucidate its role.
The increased expression of PDGF-B chain in neurons at risk may act as a neurotrophic factor for the neurons and/or neighboring neurons; this possi bility is supported by previous studies of in vitro and in vivo neurotrophic activities of PDGF-B chain (Smits et aI., 199 1; Giacobini et aI., 1992) and the neuronal expression of PDGF-13 receptors in the brain (Smits et aI., 1991; Hutchins and Jefferson, 1992) . In these studies, PDGF-BB was reported to induce neurite outgrowth and prolong the survival of cultured neurons isolated from newborn rat brains (Smits et aI., 1991) . Moreover, PDGF-BB has been shown to increase the volume and sustain the growth of developing rat brain-derived grafts transplanted into an intraocular location (Giacobini et aI., 1992) .
In addition to its neurotrophic action, the in creased neuronal expression of PDGF reported here may trigger the subsequent cellular cascade of the healing process through its potent mitogenic and/or chemoattractant activity for monocytes, glial cells, and capillary endothelial cells (Ross et aI., 1986; Takamiya et aI., 1986; Deuel et aI., 1982; Smits et aI., 1989; Heldin and Westermark, 1990 ).
In the present study, numerous macrophages showed intense immunoreactivity of PDGF-B chain with a concomitant elevated mRNA level in the injured neocortex specifically at the time of the healing process, several days after their recruitment to the lesion. The immunoreactive fraction of these cells decreased thereafter as they phagocytosed the necrotic tissue in the lesion. Therefore, the expres sion of PDGF in these cells seems to be closely related to the differentiation of recruiting mono-a c • cytes into macrophages in the lesion. This finding is consistent with the results of a previous study, which showed that the immunoreactivity of PDGF-B chain is induced in the monocytes isolated from the blood after 24-h treatment with phytohe magglutinin .
The macrophage-derived PDGF-B chain may stimulate the accumulation of glial cells in the dam-aged brain in a manner similar to the reported action of interleukin-l released by invading monocytes or microglia after brain injury (Giulian and Lachman, 1985) . In support of this view, Trapidil, a specific antagonist of PDGF, markedly suppressed reactive astrocytosis after stab injury (Takamiya et aI., 1986) . Furthermore, our preliminary data revealed that reactive astrocytes surrounding an infarct showed prominent immunoreactivity for PDGF-13 receptors, suggesting the crucial role of PDGF-B chain in the astrocytic response to injury (Iihara et al., 1994) .
In conclusion, the present study demonstrates that focal ischemia induces the expression of PDGF-B chain in neurons and brain macrophages in vivo. In view of these neurotrophic and growth regulatory activities, our findings suggest that PDGF-B chain induced after an insult should play a crucial role in the healing process of the ischemic lesion. 
